The database of known protein three-dimensional structures can be significantly increased by the use of sequence homology, based on the following observations. (1) The database of known sequences, currently at more than 12,000 proteins, is two orders of magnitude larger than the database of known structures. (2) The currently most powerful method of predicting protein structures is model building by homology. (3) Structural homology can be inferred from the level of sequence similarity. (4) The threshold of sequence similarity sufficient for structural homology depends strongly on the length of the alignment. Here, we first quantify the relation between sequence similarity, structure similarity, and alignment length by an exhaustive survey of alignments between proteins of known structure and report a homology threshold curve as a function of alignment length. We then produce a database of homology-derived secondary structure of proteins (HSSP) by aligning to each protein of known structure all sequences deemed homologous on the basis of the threshold curve. For each known protein structure, the derived database contains the aligned sequences, secondary structure, sequence variability, and sequence profile. Tertiary -structures of the aligned sequences are implied, but not modeled explicitly. The database effectively increases the number of known protein structures by a factor of five to more than 1800. The results may be useful in assessing the structural significance of matches in sequence database searches, in deriving preferences and patterns for structure prediction, in elucidating the structural role of conserved residues, and in modeling three-dimensional detail by homology.
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INTRODUCTION

Database limitations to structure prediction
Given a newly sequenced gene, there are two main approaches to the prediction of structure and c 1991 WILEY-LISS. INC function from the amino acid sequence. Homology methods are the most powerful and are based on the detection of significant extended sequence similarity to a protein of known structure or of a sequence pattern characteristic of a protein family. Statistical methods are less successful but more general and are based on the derivation of structural preference values for single residues, pairs of residues, short oligopeptides, or short sequence patterns. Both kinds of methods are severely limited by the size of the database in which one performs searches or from which one derives structural preferences. For example, in order to have on the average 5 occurrences of all possible 8000 amino acid triplets in each of the 3 secondary structure states (helix, extended strand, loop) one would need a database of about 120,000 residues in different known structures; 20 times more for all quadruplets and so on.
Current size of databases
In comparison with these requirements, the present size of the database of known protein threedimensional (3-D) structures is too small; it is also small compared to the database of known primary sequences and very small compared to the many thousands of different proteins estimated to exist in living cells. At the end of 1989 the Protein Data Bank' had about 100 different protein 3-D structures with about 20,000 residues; the current database of known sequences2.:' was about 100 times larger: 12,000 proteins with more than 3 million residues; and the total number of distinctly different proteins in nature was estimated in the hundreds of thousands.
Link between structure and sequence databases
Fortunately, many proteins in the database of known sequences are similar in sequence to a protein of known structure and this fact can be exploited to close the gap in the size of the two data- 
Key technical problem
The transfer of structure information to a potentially homologous protein is straightforward when the sequence similarity is high and extended in length, but the assessment of the structural significance of sequence similarity can be difficult when sequence similarity is weak or restricted to a short region. Note two extreme examples. (1) Extended weak sequence similarity yet very similar structures: rus p21 protein5 and elongation factor TU,4 after optimal superposition, are identical in the topology of the chain fold and similar in overall structure (with only 2.4 8, rms deviation in C(a) positions of 138 out of 166 residues), yet the two proteins are dissimilar in sequence with less than 20% identical residues. (2) Short strong sequence similarity yet very different structure'? octapeptides from subtilisin (2SBTI7 and an immunoglobulin (3FAB)' are dissimilar in structure with as much 4.7 A rms C(a)
deviation, yet 75% identical in sequences (Fig. 1) . These examples illustrate one of the two key problems (the other problem being refined measures of sequence similarity): the shorter the length of the alignment, the higher the level of similarity required for structural significance.
Homology threshold as a function of length
To solve this problem, we need to calibrate the length dependence of structural significance of sequence similarity. Empirically, this can be done by deriving from the database of known structures a quantitative description of the relationship between sequence similarity, structural similarity and align- ment length. The resulting definition of a lengthdependent homology threshold can provide the basis for reliably deducing the likely structure of globular proteins down to the size of domains and fragments. Previously, Chothia and Lesk' have quantified the relation between the similarity in sequence and three-dimensional structure for the cores of entire globular proteins.
Extending the database of known structures
Having solved the problem of length dependence, we can begin to merge the information in the sequence database with that in the structure database by exhaustive searches for sequence-similar fragments. Selection of sequence alignments with significant sequence similarity (homology) to proteins of known structure then leads to a database of homology-derived protein structures several times larger than the Protein Data Bank.
METHODS
Sequence and Structure Databases
The process of producing the database of homology-derived structures is effectively a partial merger of the database of known three-dimensional structures, here the PDB Protein Data Bank (fall 1989 release') with the database of known protein sequences, here the EMBLISwissprot database (release Nov. 12,1989,12,305 sequence^).^ The merger is partial in that only structurally homologous information is merged, where homology is based on currently available alignment methods with an empirically determined homology threshold.
Calibration of Structural Significance of Sequence Alignments
Alignment method
We perform an empirical determination of homology thresholds by studying thousands of sequence Fig. 2 . Color stereo view. Calibration of the homology threshold is based on this 3-D scatter plot of sequence similarity (Y. range 0-100%), structure similarity (Z, range 0-100%) and alignment length (X, range 0-150 residues) for pairwise protein sequence alignments. Each point represents the alignment of two protein fragments, one each from a protein of known 3-0 structure produced by a standard sequence alignment method. Red points are pairs dissimilar in structure (bad pairs), blue points are pairs similar in structure (good pairs), with other colors interpolating intermediate values of structural agreement. The rectangular blue slice (back) represents good pairs; they occur at almost all values of sequence similarity and all lengths-the thin population in the top half of the blue slice being an artifact of the database (very few protein pairs with 50-90% sequence similarity solved by crystallography). The absence of (yellow and red) points in the top left and front shows that no pairs with sufficiently high sequence alignments within the PDB database. Each protein from a selected set of high and low resolution protein structures is compared with all others from the set. We use the dynamic sequence alignment algorithm of Smith and Waterman" as implemented in MaxHom (C. Sander and R. Schneider, unpublished); local sequence similarity is given by the 20 by 20 matrix of amino acid similarities of McLachlan," scaled to a minimum value of smin (usually negative) and a maximum value of 1.0 (for the top single residue identity). Maximum length of a deletion is maxdel (e.g., 10) residues, opening a n insertion gap costs gap opening penalty (e.g., 3.0 similarity units) and gap elongation per residue costs gap elongation penalty (e.g., 0.1 units). Alignments terminate if the cumulative similarity value becomes negative. For each protein pair comparison, we use several values of smin in order to obtain different lengths of alignments and keep the optimal and several suboptimal alignments from each pair comparison.
Similarity measures
For each alignment, sequence similarity, structural similarity, and alignment length are noted. Sequence similarity as percent identity of amino acids; structural similarity of two aligned protein fragments either as the rms difference of equivalent C ( a ) positions in 3-D space after optimal superposition (tertiary structure similarity)I2 or as the percent similarity have low structure similarity: above the homology threshold, all points are "pushed" into the blue region of good structural agreement. Sequence-identical oligopeptides (5-10 residues long) with dissimilar local structure6 are red points at the front top right. Homologous protein pairs of length about 150 residues are blue points at the back top left. Sequence Similarity of an alignment is defined as the percentage of identical amino acids in an alignment, range 0-100%. Structure similarity is defined as the percentage of identical secondary structure symbols in DSSP notation, range 0-1 00%. Alignment lengths (number of residues) are as produced by the recursive (dynamic programming) sequence alignment algorithm" at a given value of smin (adjusts zero level of sequence similarity), with gaps allowed up to a total length of 10 residues (MaxDel = lo), a gap opening penalty of 3.0 units, and a gap elongation penalty of 0.1 units per residue. Similarity units are defined in the text.
identity of secondary structure symbols according to DSSP (secondary structure similarity)':'; and alignment length as the number of amino acids, excluding gaps. Note that while it is important to use a more sophisticated measure of sequence similarity in producing the alignments, the simpler measure of percent identity is useful when comparing widely different alignment methods.
Homology threshold
By analyzing the distribution of points in a resulting three-dimensional scatter plot of thousands of alignments of protein fragments of known structure in terms of sequence similarity, structural similarity and alignment length (Fig. 2 ) , we determine a safe threshold for each alignment length such that any alignment with a similarity value above this threshold represents structural homology.
Search for Homologies Between Structure and Sequence Databases
Given a safe structural homology threshold, we proceed to produce the database of homology derived protein structures. For each protein of known structure in PDB we perform a search in the sequence database for structurally significant alignments. Each sequence alignment is the result of a pairwise comparison. The end result is a multiple sequence alignment. For technical reasons, the search is performed in several steps.
1. Rapid scan of the database using FASTA14 with sufficiently low similarity score cutoff yields a list containing all proteins potentially homologous to the reference PDB protein.
2. A more refined comparison with the proteins in this list, using MaxHom and retaining the five best distinctly different alignments for each protein pair comparison, yields an improved list of candidate alignments. MaxHom parameters used are smin = -0.7, m a d e l = 10, gap opening penalty = 3.0, gap elongation penalty = 0.1. This choice of parameters is based on experience, but is not unique. Good alignments with rather long gaps may appear as two separate alignments.
3. Only alignments with similarity scores above the significance threshold (determined below, Table   I ) are retained.
4.
All alignments are reported in register relative to a single instance of the sequence of the PDB reference protein: special notation is used to indicate insertions and deletions.
Measures of Sequence Variation
Given a multiple sequence alignment, sequence variation is measured in two ways: (1) based on the Dayhoff exchange matrix15 (variability) and (2) based on entropy (variation entropy).
Sequence variability
This definition makes use of the Dayhoff exchange matrix and quantifies the extent to which exchanges at one position are more or less conservative. Since no sequence can be singled out as a root or master sequence, all Npairs = N(N -1)/2 pairs of sequences are considered. Conservation consfi) at position i is defined as the weighted sums of residue similarities over all sequence pairs ( k # 1) 
where sim(Rik,Rid is the similarity of residue Rik in sequence k and residue Ri, in sequence 1, both at sequence position i.
Weights for sequence pairs. In defining variability, each sequence pair is weighted with its mutual distance in sequence space, defined here as the fraction of amino acid mismatches over the alignment length L. *A sequence alignment between two proteins is considered to imply structure homology if the sequence similarity is equal to or above the homology threshold t in a sequence region of a given length L. For example, an alignment with 30% sequence similarity over a length of 60 residues implies homology while one with 30% sequence similarity over a length of 40 residues does not. The threshold values f L ) are derived from an analysis of thousands of aligned fragment pairs from the Protein Data Bank' and can be represented by the formula
where L is in the range 10-80 residues. For alignments shorter than 10 residues any value of sequence similarity appears to be consistent with any degree of structure similarity. Alignments longer than 80 residues have the asymptotic threshold of about 25% identical residues. The precise numerical values depend on the measure of sequence similarity used. Here, for simplicity, we use percent identical residues.
The weights are a way of correcting for the uneven representation of amino acid sequences in the current database. The more similar the sequences k and 1 are, the lower the influence of the pair kl on the family average. Very dissimilar pairs have a large weight. The underlying model of sequence variation in evolution assumes that the number of mutation events connecting two sequences is proportional to the distance between them as measured by the number of accepted point mutations and ignoring back mutations. One drawback of this particular form of pair weights is that a cluster of very similar sequences may effectively become the master sequence dominating all pair comparisons with members external to the cluster, although intracluster comparisons are appropriately weighted down.
Weights for single sequences. For some averaging purposes, e.g., deriving weighted structural preference parameters, one needs weights attached to single sequences, not sequence pairs. In such cases, we propose giving each sequence a weight related to the local density in sequence space. The more close neighbors a sequence has, the larger the local density, and hence the lower the weight of this sequence. Using any distance measure d,, in sequence space (d,, = d,,* and d,, = 0.0) we define the weight w k for sequence k as the average distance to all other sequences 1 where d,, is, e.g., the number of mismatches between sequences k and I , a s above. 26 If the weights w k themselves are used as weights in taking the average, we have a n equation for a self-consistent set of weights. Because all elements d,, of the distance matrix are positive, Perron's theorem'" guarantees that the equivalent eigenvalue problem N has a solution in terms of a unique eigenvector associated with the largest eigenvalue, which is real, and that iterative application of the right-hand side to a starting estimate for the w k will converge to this solution. The components of this eigenvector constitute a set of unique sequence weights when normalized to unity:
A more detailed discussion of sequence weights will be presented elsewhere.
Variation entropy
The second way of defining sequence variation is based on the concept of entropy or information. The systematic survey of a large number of alignments within the PDB database of known protein structures for the first time reveals the average relationship between sequence similarity (SeqSim) and structure similarity (StrSim) at various alignment lengths (AliLen) (Fig. 2) . By observing the regularities in this plot we are able to quantify the notions of "two protein structures are homologous" and of "two protein sequences are sufficiently similar to he considered structurally homologous."
Variations in structure
One of the remarkable features of the 3-D scatter plot (Fig. 2) is the saturation behavior of StrSim with increasing SeqSim at a given AliLen: the wide scatter of StrSim at low SeqSim gradually narrows to a band of asymptotically constant width; and, the asymptotic width is approximately the same for various alignments lengths. In other words, for large SeqSim, secondary structure similarity is well within 30 percentage points of perfect (100%) and tertiary structure similarity within 2.5 A of perfect (0.0 A) (see Methods for definitions). However, perfect sequence similarity does not always imply perfect structural agreement: a protein crystal structure may vary, typically in loop regions o r in domain orientation, as a result of different crystal packing, different substrate/cofactor interaction, or complex formation.
Definition of structural homology
In view of the inherent plasticity of globular protein structure reflected in the observed asymptotic width, it is reasonable to think of the structure of two aligned segments as structurally essentially identical or structurally homologous whenever the observed structures differ by not more than 30 percentage points in secondary structure (identity of DSSP 'summary' symbols) or not more than 2.5 A in tertiary structure lrms deviation of C ( a ) positionsl.
Homology Threshold as a Function of Alignment Length
Definition of homology threshold
With a clear definition of structural homology we are now in a position to define a cutoff in sequence similarity above which homology of structure can be inferred. For each alignment length, the cutoff is determined by inspection of the StrSidSeqSim scatter plot (Fig. 2) or histograms (Fig. 3) as that value (arrows in Fig. 3 ) of sequence similarity above which almost all alignments are structurally homologous, i.e., fall within the plasticity margin of perfect structural identity.
The resulting homology cutoff (Fig. 4, Table I ) is a strongly varying function of alignment length up to a length of about 70-80 residues. For example, for alignment length 30, sequence similarity has to be at least 43% (gaps allowed with a gap opening penalty of three residue identities) to infer structural homology. For very long alignment lengths 25% sequence identity is suffkient, Note that below these values of sequence similarity structural homology cannot be asserted nor excluded-the region of weaker sequence similarity is a "don't know" region (mixture of squares and crosses in Fig. 4) .
Sharpness of homology threshold
There is a residual margin of error in applying the threshold to infer structural homology (Fig. 3) . This is because the transitions in the scatter plot (Fig. 2) are not infinitely sharp and because the present database is a limited subset of all possible protein structures. In the absence of a correct physical theory of sequence-structure relation, inferences based on empirical relationships are subject to at least a small margin of error. The margin of error is larger for shorter alignments, for which statistical noise appears to be stronger. Visual inspection of HSSP files confirms the suspicion that a few (1-28 of total) short alignments of dubious structural significance lie above the chosen threshold. Raising the threshold by 3 percentage points relative to the values in Table I eliminates most of these, but decreases the sensitivity of the procedure.
Threshold as a tool for e m r detection
Violation of the threshold in a few cases actually indicated problems with PDB datasets. For example, there are a number of fragment pairs &om datasets 4ATCl7ATC or 2AWl7ATC (aspartate transcarbamoylase) with 100% sequence similarity but very different structure-up to 4.96 A C(a) rms for 146 residues. The differences turned out to be due to a correction in the chain tracing of the regulatory chain between 2ATCI4ATC (unliganded formx7) and 7ATC [CTP liganded form]-'). The apparently incorrect data set 4 A E was never corrected in the Protein Data Bank nor is it flagged there aa incorrect.
In a similar but as yet unresolved case, fragment pairs invoiving the multiheme cytochromes lCY3I9 and 2CDV2' show surprisingly large and potentially very interesting structural differences, in spite of above-threshold sequence similarity (37% identity over 59 residues). As data set 1CY3 i s known to be a preliminary structure [authors' remarks in PDB data set and Holm and Sander, J. Mol. Biol., submitted], these differences may be due to possible inaccuracies in the 1CY3 dataset.
Database of Homology-Derived Structure (HSSP)
Content of database Notation and layout are described in Fig. 6 . More than 300 files were produced, one for each PDB protein from the fall 1989 release of PDB with release 12 of EMBUSwissprot (12305 sequences). This corresponds to derived structures for 3512 proteins or protein fragments; 1854 of these are homologous over a length of at least 80 residues. Some of these proteins are very similar to their PDB cousin, differing by as little as one residue out of several hundred. Others are more distant relatives and their homology-derived structure represents a nontrivial addition to the corpus of known structures. Some PDB proteins have several hundred known homologous sequences, others have none; e.g., human hemoglobin (4HHB121 has 466 aligned sequences, with from 25 to 100% identical residues, of which almost all are globins (except the last 16 which are unexpected-interesting or false-positives). Crambin (1CRN)22 has 12 aligned sequences with 3843% sequence identity (one unexpected positive). Rhodanese (lRHD)23 had no homologous partner {yet).
Size of dutaba.se
The increase in total information content in HSSP over PDB is as dif€icuit to quantify a8 the increase in information when a homologous protein is solved by crystallography. A rough conservative estimate can be made as follows. The average number of aligned sequences is 103 per PDB entry. Of the 3512 aligned sequences (counting each protein exactly once) 1831 are more than 50940 different (sequence identity) from any PDB cousin; after filtering out short fragments and potential unexpected p i t i v e s by requiring a n alignment length of at least 80 residues, 775 of these remain. As some investigators have c h n a cutoff of 50%la s e~u~n c e identity for a nonredundant PDB database, one may say that the HSSP database ha6 increased the number of nonredundant (relative to PDB) datasets by about 700-800 proteins. Allowing for close homologies within this set of additional proteim (factor of up to 0.51, the increase in nonredundant infonaation corresponds to a factor of about 3 to 6 (3871120 to 775J120).
It is i.nportant to note that the derived structures are three-dimensional, although only secondary structure information is given in HSSP files. Table I ). Each data point represents an alignment between two fragments from proteins of known structure. The graph is a two dimensional projection of Figure 2 onto the plane of sequence similarity/alignment length, with structural similarity collapsed to a one bit yedno description (crosseskquares). The data points are a subset of the data in Figure 2 . The homology threshold (curved line) divides the graph into a region of safe structural
Sequence Variation
Role of conserved residues
Sequence elements conserved in evolution are taken as evidence of selective pressure resisting mu- tational events. Much can be learned from studying sequence conservation in a three-dimensional protein structure, especially about the possible contribution of individual residues to the architecture of the protein fold and t o protein function.24 An example is shown in Figure 5 .
Fig. 5 . Sequence variability mapped into the tertiary structure of chicken triose phosphate isomerase, 1TIMS The three-dimensional color stereo view of the TIM monomer shows placement of most conserved (blue) and most variable (red) residues in the crystal structure. Residues are colored according to variability (12 homologous sequences, see Methods) on a sliding scale: bluegreen-yellow-red. The most conserved residues are near the active site (Glu-165, His-96, Lys-13) at one end of the parallel p barrel (front) and in a loop (I, top right front) that makes important contacts in the dimer interface. N is N-terminus, C is C-terminus.
Computer graphics display
For example, residues conserved in the 3-D structure of the enzyme triose phosphate isomerase25 (color Fig. 5 ) appear to be located in (1) the ends of p strands of the parallel barrel, (2) near the active site, and ( 3 ) in a loop at the dimer interface. Coloring residues in the 3-D structure according to sequence conservation-which can be done routinely and quickly from the PROTID.HSSP output fileprovides a visual way of developing intuition about the importance of residues in protein function and folding. Even a linear graph of sequence variability against the protein sequence can be instructive.
DISCUSSION
Current Limitations
The main results, the homology threshold curve, the reported alignments and the implied secondary Fig. 6 . Description of HSSP files: One HSSP file contains a structural protein family: one test protein of known structure and all its structurally homologous (as judged by our homology threshold Table I , Fig. 3 ) relatives from the database of known sequences. The file is divided into four blocks, HEADERS, PROTEINS, ALIGNMENTS and SEQUENCE PROFILE. The HEADERS block is mandatory The other three blocks are present only if at least one homologous alignment is found; each of the additional blocks begins with the string "##". File organization is line-oriented. Lines have a maximum length of 132 bytes. Some of the line types are self-explanatory (a) HEADERS block. the first four bytes in the file, 'HSSP', can be used for file type detection. The first line also has the version number of the HSSP software. The PDBID (protein data bank identifier) line identifies the test protein of known structure (e.g. 1 PPT), the SEQBASE-line specifies the source of the aligned sequences (e.g. EMBUSwissprot or PIRINBRF). The PARAME-TER line specifies alignment parameters used in MaxHom (smin ~ lowest similarity, smax 7 highest similarity between amino acids, maxdel = maximum length of deletion; maxdel restriction will be removed in future releases). The THRESHOLD line refers to the homology threshold curve used. Information about the test protein as copied from PDB (name, source, author) and as derived (length of the sequence SEQLENGTH, number of distinct chains NCHAIN. and the number of aligned sequences NALIGN). 
Validity of homology threshold
The principal limitation in the calibration of the homology threshold as reported is in the measure of sequence similarity used. Given two aligned protein sequences, we have used the simplest possible measure, the percent identity of amino acids, which is reported by most available alignment procedures. A more refined local measure (actually used here in producing the alignments) uses a mutational 20 by 20 frequency or similarity table." In addition, a more refined global measure is a weighted sum over local similarity, in which more conserved positions are given a higher weight, as in multiple alignment methods. 26 The advantage of using the simplest measure is its immediate usefulness for other workers. The disadvantage is that the threshold transition is rougher and the reported alignments include more possible false positives than presumably would result with a threshold in terms of a more refined similarity measure. Plans for a future version include use of a more refined and weighted similarity measure (higher weights for conserved regions) both for threshold definition and for alignment production.
Accuracy of reported alignments
Considerable effort is being expended to improve the accuracy of sequence alignments relative to structural alignment^.^^^^^ In general, alignments may be inaccurate in local detail (trailing ends incorrectly aligned, incorrectly shifted gaps etc.). An example is given by loop 41-49 (DLKVAGGAS) in subtilisin' aligned to 47-57 (DLAGKVVGGWD) in t h e r m i t a~e ,~~,~~ where the alignment procedure incorrectly shifts a gap by two residues, i.e., KVAGG does not match KVVGG in 3-D. In such cases, the sequence alignment may correctly represent conservation in the evolutionary chain of events connecting the two sequences while the structural alignment reflects a local structural rearrangement as a result of mutations in sequence positions spatially near the conserved residues. We therefore see no obvious remedy for locally incorrect alignments in loop regions.
We plan to improve the accuracy of the alignments by going from the current independent pairwise method to a growing cluster alignment method. In a growing cluster alignment, each new sequence is brought into the cluster by alignment against the sequence profile of the existing cluster; in addition, each position i can be weighted with a conservation weight c(i) derived from the existing cluster. Accuracy may be further increased by the use of newly derived exchange matrices, e.g. exchange matrices that depend on the structural state of the residue position at which the exchange takes place (work in progress).
Accuracy of homology-derived structure
Each alignment implies a homology-derived 3-D structure for a sequence of unknown 3-D structure. Even if the inference of homology is correct (true positives), the expected accuracy of the derived structures is not 100%. For example, trypsid elastase (3PTN13EST),31*32 known to be homologous, have a sequence alignment with 35% sequence identity and 6 gaps for 240 residue positions. However, their secondary structures symbols (DSSP states) are only 80% identical and the aligned C(a) positions differ by 1.4 A for 180 residues after optimal superposition. An extreme example is provided by the 15-residue long sequence similarity in a loop region of bovine and porcine phospholipase (BP21 P2P). 33, 34 In spite of safe overall homology of 88% sequence identity over 122 residues, a 15-residue stretch with 80% sequence similarity (KLDSCKV-LVDNPYTN/NLDSCKFLVDNPYTE; res 57-71), above our homology threshold for this length, has significantly different structure in the two crystals: 17% identity in secondary structure and 3.3 A C(a) rms in tertiary structure. In response to mutations, loop regions are simply more plastic than secondary structure segments or core regions.
In general, the accuracy of derived structure is limited to the plasticity margin (Fig. 21, i. e., homology-derived structure can be expected to be occasionally wrong in local detail, e.g., in the conformation of some loop regions and in the precise delineation of the ends of some secondary structure segments. The average accuracy given by the middle of the plasticity margin is 85% identity of secondary structure (states H,G,E,B,T,S,blank) and 1-2 A rms deviation of C(a) positions in tertiary structure. Cases of incorrectly inferred existence of a-helices and pstrands, however, are very rare-we are not aware of a single example in the database of deposited 3-D structures.
In addition, the inference of homology for alignments above the homology threshold may simply be incorrect (false positives). In the current implementation and with the current threshold values (Table  I) , we estimate, by visual inspection, the level of possible false positive alignments at roughly 1-2%, most of them short alignments which are subject to more statistical noise.
Limited database
Any empirical investigation is limited by the size of the database. Deviations from the principles observed here are possible as more and perhaps new classes of protein structures became known.
Recommendation for Use of HSSP Database
The current version (vO.9; January 1990) contains 1-2% unexpected positives. Which of these are false positives and which represent discovery of structural relationship is in principle unknown-the threshold was deliberately set to include a small fraction of these. The user of the database should allow for a small margin of error and, to be on the safe side, choose to delete a certain fraction of the lowest-scoring alignment upon reading in the HSSP files, using herhis own judgment and criteria, at the risk of deleting correct positives as well. A program to filter the files according to a higher, user-defined threshold is available. In the current version (vO.9) of the files being distributed via network, a filter corresponding to raising the threshold values by 3 percentage point for all lengths has been applied.
In using variability scores, the user should be aware that low occupancy positions (few alignments span that position) have poorly determined variability values-in the limit of zero occupancy the variability is undefined and set to zero. The user may choose to use only positions with occupancy larger than, say, five proteins.
